Inhibition assays revealed antibody specificity directed toward the MIC hapten. Analogous antigens prepared by reaction of MIC with human serum albumin were used to evaluate sera from individuals exposed in Bhopal to MIC. Antibodies were detected in 12 of 144 exposed persons. Antibodies were specific for MIC, as evidenced by inhibition assays, and belonged to the IgG, IgM and IgE classes. However, titers were generally low and transient and were found in persons having had the highest MIC exposures. Total IgE values of sera were not significantly different from those of control sera obtained from Bombay residents. The results indicate that exposure to methyl isocyanate resulted in production of specific antibodies. However, the low titers observed and the transient nature of the response suggest little health consequence should result from the antibody response.
Introduction
The accident on the night of December 3, 1984, in Bhopal, India, resulted in the exposure of thousands of residents to methyl isocyanate. At the time, little was known about either the long-or short-term effects of exposure to this chemical. However, a considerable body of information existed regarding the health effects of other industrial isocyanates, most notably toluene diisocyanate (TDI), diphenylmethane diisocyanate (MDI), and hexamethylene diisocyanate (HDI) (1, 2) .
Isocyanates are recognized as chemicals capable of causing immunologic sensitization (3) . Respiratory hypersensitivity, including immediate and delayed onset pulmonary reactions (4, 5) , as well as hypersensitivity pneumonitis (6, 7) , has been noted in individuals exposed to certain isocyanates. Dermal notably to dicyclohexylmethane diisocyanAte (HMDI) (8, 9) .
Respiratory sensitivity and dermal sensitization have been reproduced in animals by the use of inhalation (10) (11) (12) (13) and/or dermal (14) routes of exposure. The literature regarding isocyanate sensitization has been summarized and critically evaluated (1) (2) (3) .
Recent concern has addressed exposure conditions which would favor sensitization (1, 2) . Both animal data (12, 15) and human studies (16) (17) (18) indicate a concentration-dependence of the specific humoral immune response to toluene diisocyanate and dose-dependent dermal sensitization to TDI, HDI, MDI and HMDI (19) . Due to the causative association of IgE antibodies with immediate, and possibly late-onset pulmonary hypersensitivity reactions (20, 21) , interest has focused on the detection of this class of antibody following accidential isocyanate exposure (1, 17) .
The massive MIC exposure in India prompted immediate investigation of the immune response to this isocyanate. The study reported here identified a humoral immune response to MIC, as tested in an animal model for isocyanate sensitization. Development and testing of appropriate immunologic reagents iti the an-imal system allowed detection of low levels of MIC antibodies in persons who had received heavy MIC exposure.
Materials and Methods

Animals
Male, English, smooth-haired guinea pigs weighing approximately 500 g (Hilltop Lab Animals, Inc., Scottdale, PA) were used for production of antibodies.
Antigens
Isocyanate conjugate antigens were prepared according to a standard procedure (22 Plates were incubated for 1 hr at 37°C, washed three times with tween-saline, then reacted with peroxidaseconjugated anti-guinea pig (or anti-human) reagent (1:400 dilution). The following reagents were used: antiguinea pig IgG, anti-human IgG, IgM, and IgA (MilesYeda). After incubation at 37°C for 1 hr, plates were washed, then a solution containing 0.72 mg/mL 5-aminosalicylic acid (Aldrich Chemicals) and 0.006% H202 was added, and incubation continued at 37°C for 30 min. Absorbance at 450 nm was measured using a Dynatech MR 600 Microplate Reader. The titer was defined as the highest serum dilution giving an absorbance at least twice that of control sera, similarly diluted, after subtraction of background.
ELISA inhibition assays were performed by incorporating antigen as inhibitors into the tween-PBS buffer immediately prior to dispensing antisera into the wells.
IgE. The total quantity of serum IgE was determined using a commercial IgE kit (Ventre-Sep, Ventrex).
RAST (Radioallergosorbent Test). RAST was performed by coupling MIC-HSA to cyanogen-bromide activated paper discs using a standard procedure (17 16 hr. After thorough washing of the disc, 125I-labeled anti-human IgE (Ventrex Reagent) was added to detect bound IgE antibody. Titers were expressed as the percent of added radioactivity which remained bound to the discs following the final washing procedure.
RAST inhibition was performed by reacting 25 ,uL serum with 25 ,uL inhibitor solution (containing 50 jig inhibitor) for 2 hr at 37°C prior to addition of the MIC-HSA disc. Thereafter, the RAST procedure was followed. Inhibitors included MIC-HSA and HSA. Percent inhibition was calculated as follows:
(1-_% CPM bound above blank with inhibitorj 100 % CPM bound above blank with buffer / Statistics Linear regression analysis was performed using MINITAB. The two-tailed Student's t-test was used to compare IgE values in control and exposed cases.
Results
Identification of MIC-Specific Antibodies in Animals
An animal model was used to determine the ability of MIC to function as a hapten following in vivo expo-sure. Blood was drawn from MIC-exposed animals and evaluated for specific antibodies using ELISA. Each of the four guinea pigs injected with MIC produced antibodies. Titers are given in Table 1 . The specificity of these antibodies for MIC was evaluated using ELISA inhibition assays. Inhibitors tested included various conjugates containing MIC hapten (MIC-GSA, MIC-HSA, MIC-KLH) to enable identification of hapten specificity of antibody, conjugates containing heterologous isocyanates (HDI, TDI) to indicate possible isocyanate reactivity, protein carriers (GSA, HSA) to indicate protein recognition, and a formaldehyde-GSA conjugate (23) to provide information regarding the fine specificity of antibody toward a small hapten. Inhibition assays were performed in triplicate. Results of these assays using sera from two different animals are shown in Figures L9 and 1B .
The specificity of antibodies for MIC was apparent. MIC-GSA, MIC-HSA, and MIC-KLH were effective inhibitors, whereas the unconjugated proteins, GSA, HSA, and KLH gave insignificant reaction with antibody even at the highest concentration tested (50 jig).
The relative potencies of MIC-conjugates for reaction with MIC antibody are listed in Table 2 ; the statistical parameters of the regression lines are listed in Table 3 . With both antisera, MIC-KLH was the most effective inhibitor, followed by MIC-GSA and MIC-HSA. The lack of inhibition shown by quantities up to 50 ,ug of TDI-GSA and HDI-GSA indicates that antibodies were not directed toward isocyanate groups on the conjugates. Failure of HCHO-GSA to effect inhibition further indicated the specificity of antibodies for MIC hapten.
Specificity of Inhibition by MIC-KLH
Several reasons may be proposed for the greater ability of MIC-KLH, as compared with MIC-GSA and MIC-HSA, to inhibit reaction of the animal antisera. The possibility was explored that inhibition by MIC-KLH was not specific for MIC determinants, but rather was due to non-specific interference of MIC-KLH with the ELISA system. To test this possibility, MIC-KLH was assayed for inhibitory activity in a heterologous antigenantibody ELISA system. An ELISA assay had been developed in this laboratory to detect antibodies to bacterial subtilisin in guinea pigs exposed to the enzyme via the inhalation route (Hillebrand et al., personal communication). Using polyvinyl chloride 96 well microtiter plates (Flow Laboratories) coated with 50 ,L ofa 50 ,ug/mL subtilisin solution, the antiserum titer was 1:20,480. MIC-KLH in amounts of 0.1 and 1.0 j,g was incorporated into the incubation buffer before addition of antiserum to the plate; GSA was incorporated into the buffer dispensed into control wells. Anti-serum to subtilisin was added.
After 2 hr at 37°C, bound antibody was assayed by addition of alkaline-phosphatase conjugated antiguinea pig IgG followed by phosphatase substrate. The results of this assay are shown in Table 4 . MIC-KLH gave no inhibition at 0.1 or 1 ,ug. These results indicated that the inhibition afforded by MIC-KLH in the MIC anti- 
RAST
RAST was performed to detect the presence of MICspecific IgE antibodies. To determine a positive RAST titer, cellulose discs were coated with MIC-HSA, and the assay was performed with sera from control, nonexposed individuals from India. Values for RAST binding were regressed against values of total IgE in the sera. The regression is shown in Figure 2 . A strong correlation existed between these assays; the correlation coefficient for the 41 sera was 0.9223. Using the 95% confidence limits for the line, RAST values above this limit were considered presumptively positive. Sera with such values were further evaluated using RAST inhibition for definitive identification of specific antibody. Inhibition of 25% or more by MIC-HSA at 5 jig was taken as evidence for the presence of MIC-specific antibody.
Results of RAST testing are found in Table 6 . Five of the 128 patients tested had antibodies specific for MIC-HSA, with titers ranging from 6.3 to 11.4% binding. In several cases, additional serum samples collected at later time periods were available. Analysis of these samples indicated that the antibody titer typically decreased with time from exposure ( Table 7) .
IgG and IgM Antibodies to MIC
ELISA was used to evaluate sera for the presence of IgG, IgA, and IgM antibodies to MIC. Controls for these assays consisted of (a) sera from nonexposed Indian donors and (b) sera from guinea pigs which had been immunized with MIC-HSA (in Freund's adjuvant) and contained anti-MIC-HSA antibody titers in excess of 1:10,000. Antibodies were identified in 10 individuals. As indicated in Table 6 , some patients formed antibodies of more than one class; usually IgG and IgM occurred together. Titers were uniformly low; a maximum titer of 1:128 was observed. In some cases, amounts of sera were insufficient to determine a final titer. However, in all cases, antibody specificity was confirmed by the ability of MIC-HSA to inhibit binding.
Relationship Between Exposure Concentration and Antibody Production
It was of interest to determine if a relationship could be discerned between the severity of exposure to MIC and development of anti-MIC antibodies. For this purpose, the actual exposure received by individual patients was estimated from evaluation of the symptoms exhibited at the time of exposure. These symptoms have been detailed elsewhere (24) . In brief: exposure severity was assessed based upon physical examination, chest radiograph, spirometry, the patient's need for hospitalization, the duration of a serious condition, and occurrence of complications.
The development of MIC antibody in patients grouped according to exposure severity is given in Table   8 . It is apparent from this table that IgG and IgM an- a No significant differences were detected between exposed and control values collected during the same month (Student's t-test, two-tailed). In addition, no trend was detected in values during the year following exposure.
b Logarithmic mean value (SD) expressed in International Units/mL. '(-), serum not collected. 
Discussion
Industrial experience with isocyanates has indicated that these chemicals can cause pulmonary hypersensitivity reactions and IgE antibody formation. Moreover, the antibody response appears to correlate with the degree ofisocyanate exposure (1, 2, 5, (16) (17) (18) . These findings were observed in workers accidentally exposed to isocyanates and were reproduced in animal models of pulmonary and dermal isocyanate sensitivity (3, (10) (11) (12) (13) (14) (15) . These results implied that severe exposure to an isocyanate such as MIC would also result in specific antibody production and perhaps pulmonary and/or dermal sensitization.
Animal studies employing MIC were required before clinical serologic evaluations could be initiated. The animal model enabled determination ofwhether MIC could function as a hapten, and whether the antibodies produced to MIC had haptenic specificity as opposed to aELISA was used to detect IgM, IgG, and IgA antibody. Specificity was confirmed by inhibition assay. Titers are the reciprocal of the highest serum dilution that gave a positive reading. ND = not determined; Neg = negative. bRAST was used to detect IgE antibody. Specificity was confirmed by inhibition assay. RAST binding greater than X + 2 SD of control samples (see Fig. 2 ), with inhibition greater than 25%, was significant and scored as positive. conjugate reactivity. In addition, by injecting a set of guinea pigs with MIC-HSA, positive sera were obtained for establishing ELISA assays. Animals studies demonstrated that MIC was immunogenic in guinea pigs. Inhibition assays indicated that the antibodies recognized MIC whether it was bound to serum albumin or to keyhole limpet hemocyanin. Furthermore, the antibody specificity was not directed exclusively toward the isocyanate (NCO) group, since antibodies gave no reaction with TDI-GSA or HDI-GSA.
Using MIC antigens was found to be effective in detecting guinea pig MIC antibodies; sera from 229 MICexposed individuals were evaluated. Twelve individuals demonstrated MIC antibodies. Titers were low and tended to decline in serum samples taken several months to a year following the exposure. Whether evaluation was performed by RAST or ELISA, it was essential to conduct inhibition studies to detect false positive values caused by either a high amount of total IgE in the serum or other serum factors. Antibodies of several classes were detected; in all cases titers were low. However, no MIC antibody was detected in any serum from control, nonexposed individuals from India, although total IgE levels were similar in the exposed and control samples.
In some cases, inhibition studies of patient sera indicated antibody reactivity with MIC and with human serum albumin. This finding would imply that in vivo reaction of MIC with serum albumin had occurred and had resulted in formation of a complete MIC-HSA antigen. Other evidence suggests that additional proteins may be involved in in vivo binding of isocyanates. MIC-KLH was found to be the most potent inhibitor of MIC antibody in guinea pigs. The effectiveness of this antigen in reacting with MIC antibodies may have been a result of high epitope density (molecular weight, 500,000 daltons; 64% of the primary amino groups were reacted with MIC). All binding with this conjugate was hapten-specific, as there was no binding of antibody to KLH. The hapten specificity of antibody implies that carriers other than serum albumin may have been involved in reaction with MIC.
Recent studies with 14C-TDI offer further indication of isocyanate binding with proteins other than serum albumin (25, 26) . In guinea pigs exposed to TDI by inhalation, the isocyanate was detected bound to a single protein of 66 K daltons, which was not serum albumin (25) . Identification ofthis reactant protein should enable development of even more sensitive assays to detect isocyanate antibodies. Moreover, in view of the dependence of antibody production on exposure concentration (12, (16) (17) (18) , recognition ofthis protein reactant may provide an extremely sensitive method for biological monitoring to determine individual exposure to isocyanates.
The detection of antibody in this study was possible because ofthe exquisite sensitivity of RAST and ELISA assays. These tests can detect picogram to nanogram quantities of antibody. The antibody values reported here were low and tended to decline with time from exposure. For these reasons, clinical significance of such titers is doubtful. However, it should be noted that the detection of antibody with MIC specificity in Bhopal residents is the only irrefutable evidence that these individuals were exposed to methyl isocyanate and, consequently, isocyanate toxicity should be given prime consideration as the causative factor underlying the observed lesions.
